ABSTRACT. Two in vitro intestinal models were used to investigate postnatal maturational changes of the gut barrier functions. Microvillus membrane (MVM) preparations were studied for surface binding, and everted gut sacs were studied for mucous coat binding, breakdown and uptake of radioiodinated bovine serum albumin (BSA), and @-lactoglobulin (BLG). Surface binding of these proteins to MVM was weak and nonspecific. There was more binding of both proteins to immature MVM (BSA: newborns, 2.74 + 0.52%, adults, 1.08 f 0.17%,p < 0.001; @-
Absorptive and bamer functions of the small intestine undergo pre-and postnatal maturation and differentiation. This developmental process has been studied extensively in the rat (1 1,2 1). It is subject to modulations by multiple factors such as weaning and hormonal control (16) . Studies in different experimental animal species have shown that intestinal maturation affects gut mucosal barrier functions such as macromolecular antigen handling in the everted gut sac model (34) and uptake of orally administered protein in the whole animal model (13, 32, 33) . The increased absorption of intact BSA during early postnatal age has been shown directly in rabbits, and it was shown to decrease significantly after 1 wk of age (33) . In the same postnatal period, the intestinal surface is undergoing structural and biochemical changes such as a decrease in fluidity of MVM and changes in binding capacity and kinetics of calcium, cholera toxin, and lectins (5, 19, 23) .
In a recent study of adult rats (29) , a correlation has been found between the intestinal uptake and the binding to the mucous coat of cow's milk proteins including their breakdown products, using the everted gut sac model. Our present objective was to study the function of intestinal antigen handling in early postnatal age and determine if associations between changes on the surface membrane level (MVM model) and on the mucous coat level (gut sac model) existed and correlated with antigen uptake. The early postnatal age is of pediatric interest with respect to the uptake of food proteins (25) , and to the development of food protein allergy or intolerance (3, 15) .
MATERIALS AND METHODS
Animals. Adult female Sprague-Dawley rats (Charles River Laboratories, Wilmington, MA) ranging in weight from 200 to 250 g were kept on a milk protein-free rat chow (Ralston Purina Inc., St. Louis, MO) for at least 6 wk and were fasted overnight prior to the study. Animals were sacrificed by cervical dislocation. Newborn animals weighing between 5 and 7 g were allowed to suckle and were sacrificed between 12 and 24 h of age. Eighteenday-old suckling rats (preweanlings) weighed between 30 and 40 g. Animals whose stomach contained chow were excluded from the study. Immature animals never had been fed cow's milk proteins.
Radiolabeled cow's milk proteins. BSA (5 x crystallized) and P-LG (3x crystallized) were purchased from Sigma Chemical Co., St. Louis, MO. These proteins were found to be suficiently pure (BSA; 98%; P-LG, 100%) by polyacrylamide gel electrophoresis (29) . BSA and P-LG were labeled with NaI2'I using the Markwell technique (20) . All radiochemicals were purchased from New England Nuclear, Boston, MA. Any free iodine was removed by gel filtration. The specific activity of labeled BSA and P-LG was 2.5 pCi/pg protein. Over 90% of the radioactivity was precipitated by 10% (w/v) TCA.
Microvillus membrane binding studies. MVM were prepared from newborn, 18-day-old, and adult rats by a modification of the Ca2+ precipitation method (14, 26) . Fasted (n = 7), 18-dayold (n = 6), and newborn (n = 50) rats were sacrificed; the proximal small intestine was removed and washed with cold saline. Scrapings of adult or 18-day-old intestine and short pieces of newborn intestine were homogenized in 500 mM mannitol, 10 m M Hepes buffer, pH 7.5 (all chemicals from Sigma). After 1:6 dilution and filtration through a fine nylon mesh, CaC12 was added to a final concentration of 10 mM. The mixture was centrifuged at 2,500 x g for 15 minutes, the supernatant being saved and centrifuged at 28,000 x g for 30 minutes. The pellets were resuspended in 100 mM mannitol, 10 mM Hepes, pH 7.5 and centrifuged again at 28,000 x g. Final pellets were suspended in 100 mM mannitol, 10 mM Tris-HC1, pH 7.4. MVM protein concentration was determined (17) , and sucrase (adult MVM) and lactase (newborn and I&day MVM) activities were determined according to Dahlquist (7) . Total yield of MVM preparations was between 1.7 and 2.0%. The final ratio of specific disaccharidase activities of the purified MVM preparations compared to the initial homogenates (enrichment factor) was 20.6 * 2.0 in the adult and 28.0 f 5.0 in the immature animals.
Preliminary binding studies were carried out using the Millipore filter separation technique (6, 12) . The radioactivity on the filter membranes which was caused by binding of labeled BSA and P-LG to MVM could be washed away rapidly by small amounts of incubation buffer. Thus, in contrast to lectin binding studies (5) , there were no consistent data obtained for BSA and P-LG binding using filter separation. Final binding studies had to be done using the miniature ultracentrifuge (Airfuge) separation technique (1). Airfuge tubes (5 x 20 mm; Beckman Instruments, Inc., Spinco Division, Palo Alto, CA) were pretreated overnight at 4" C with 1 mg/ml solutions of cold BSA or 0-LG to inhibit nonspecific protein adsorption from the final incubation mixture. For the incubations, protein solutions between 0.01 pg and 1 mg/ml were used in Tris-HCl(30 mM, pH 7.4) containing 125 mM NaCl. The solutions had been trace-labeled to yield 5 x lo5 cpm/ml. After samples for the original specific activity had been taken, 100 pl of MVM suspensions varying in protein content between 0.1 and 4.0 mg/ml were mixed with the same volume of protein-label solution and incubated at 37" C. All incubation experiments were run in duplicate. One hundredpl aliquots of the mixture were then centrifuged at 30 p.s.i. for 15 min at 178,000 x g in a Beckman Airfuge, using the A-1001 30 fixed angle rotor, to separate unbound protein from MVM. Supernatants were removed and pellets were counted. Duplicate Airfuge tubes were incubated with the protein-label solution and buffer 1: 1. These tubes served as a control for nonspecific adsorption, their counts being subtracted from the total counts obtained with MVM. Final results were calculated from the original specific activity and expressed either as per cent I2'Iprotein Eq bound or as pg of "'I-protein Eq/mg of MVM protein.
Counts exceeding 200% of the control counts were only obtained using MVM protein concentrations above 0.5 mglml. Thus, basic incubation experiments were carried out at a MVM protein concentration of 1.5 mg/ml (cf: Fig. 3 ). Steady state for BSA and P-LG binding was reached after 30 min, so that this time of incubation was used throughout the study. Inhibition experiments were done with cold BSA and P-LG at 1 mglml for 30 min prior to final incubation.
Everted gut sacs, binding, and uptake studies. Everted gut sacs of 5-cm length were prepared from adult proximal jejunum according to Wilson and Wiseman (36) . Gut sacs from newborn animals were too fragile to be handled during incubation. Sacs from 18-day-old animals were 10 cm long, but otherwise were prepared in the same way as the adult ones (34) . Sacs were filled with 1 ml and incubated in Erlenmeyer flasks containing 10 ml of Tris-HC1 buffer (30 mM, pH 7.4) with NaCl (125 mM) and fructose (10 mM). Viability of the sacs was monitored by morphology and by the active uptake of 45Ca, 3-O-~-[methy/-~H] glucose, and aminocyclopentane-1 -['4C]carboxylicacid (29) . The final incubation fluid contained 1 mg/ml of BSA or 0-LG. These solutions had been trace-labeled to yield 2 x lo5 cpm/ml. Incubations were done using a Dubnoff metabolic shaking water bath (Labline Inc., Chicago, IL) for up to 30 min at 37" C in an atmosphere of 100% oxygen. Nonspecific adsorption of protein to glass surfaces was taken into account by preincubating all incubation flasks with the labeled solutions for 30 min, taking reference samples for specific activity before and after this preincubation. After 1 to 30 min of final incubating, gut sacs were removed from the flasks and blotted on filter paper. Sac contents were drained by syringe, the mucosa than being scraped using glass slides. Contents and scrapings were counted separately in a Gamma 7000 counter (Beckman Instruments Inc., Irvine, CA). Mucosal scrapings were homogenized and their protein content, was determined (17) . Results for binding and uptake were cal-' culated from the original specific activity of the solutions, the figures being expressed as pg of '251-labeled protein Eq/mg of mucosal protein (29) . Uptake was defined as the amount of radioactivity found inside the gut sacs. Binding was defined as the radioactivity found in mucosal scrapings.
One ml of the homogenized scrapings and the sac contents was subjected to precipitation by 10% (w/v) TCA in the cold. Ten pg of cold protein were added as a carrier to the sac contents before precipitation. The amount of radioactivity precipitated was compared to the total radioactivity.
Statistical evaluation. Student's t test and analysis of variance were used to assess statistical significance of differences. The F distribution was used to compare slopes of the linear relation between MVM protein concentration and protein binding.
RESULTS
Binding of BSA and P-LG by MVM. Because the radioactivity found with MVM after 30 min of incubation with the labeled protein was washed easily on a filter membrane, it was assumed that this activity represented binding and not uptake. There was no specific inhibition found by preincubating MVM with the cold proteins. More P-LG was bound than BSA ( p < 0.00 1, Fig.   1 ) by MVM preparations from newborn, 18-day-old, and adult rats. There was more binding of both proteins in the immature animals, compared to the mature ones, the figures increasing from newborn to preweanling age and then decreasing to the adult age.
The relation between protein concentration and MVM binding was studied in different ways. mg/ml of trace-labeled BSA and P-LG solutions. Using these concentrations of cold proteins, there was no saturation found (data not shown). Second, a constant concentration of the labeled solution (0.1 pg/ml) was incubated with MV protein concentrations between 0.1 and 4.0 mg/ml (Figs. 2 and 3 ). There was also no saturation phenomenon. The low percentage bound indicated weak binding of BSA and P-LG. Again, there was much more @-
LG bound than BSA ( p < 0.00 1 for MVM protein concentrations above 0.5 mg/ml, and for slope comparison in adult and newborn preparations). MVM preparations from newborn rats showed significantly more binding of BSA and 0-LG than the adult ones (cf: Fig. 1) . Thus, using MVM preparations, more BSA and P-LG were bound in the immature animals, the binding being weak and nonspecific in terms of lacking saturation and inhibition.
Binding and uptake of BSA and P-LG by everted gut sacs. Timed experiments from 1 to 30 min were camed out to detemine protein binding and uptake (Figs. 4 and 5 ). Binding and uptake of both proteins were significantly less in the immature animals, compared to adults. Much more P-LG was bound and taken up than BSA. This difference was statisticaly highly significant ( p < 0.001) in both animal groups after 10, 20, and 30 min. The absolute amount of BSA taken up was very low in both adult and preweanling sac preparations. Uptake and binding were shown to be correlated in the adult sacs (r = 0.57, p < 0.01, n = 24 for '251-BSA and r = 0.86, p < 0.02, n = 24 for '251-p-LG) and in the sacs prepared from 18-day-old rats (r = 0.76, p < 0.01, n = 24 for IZ5I-BSA and r = 0.85, p < 0.001, n = 24 for I2'I-6-LG). These figures included uptake and binding of the intact protein as well as of its breakdown products (29) .
To determine the degree of protein breakdown, TCA precipitation studies were done (Tables 1 and 2 ). As shown earlier for adult rats (29) , there was much more breakdown of P-LG in the immature rats, compared to BSA ( p < 0.001 for both animal groups). As indicated by a higher percentage of TCA-pre~ipitable radioactivity, there was less breakdown of BSA and P-LG in the 18-day-old rats, compared to adults. This was particularly shown in the material that had been taken up by the sacs. Thus, using the gut sac technique, less binding, breakdown, and uptake in parallel were found in the immature preweanling animals.
DISCUSSION
The present study has used two in vitro models of intestinal function to investigate handling and uptake of common food proteins in young animals. First, MVM were prepared and tested for the microvillus surface characteristics of protein binding (26) . Second, the more complete everted gut sac model (34, 36) was used to study the mucous coat component of the gut bamer protection against protein uptake. Both models previously have been shown to undergo maturational changes at early postnatal age (1 1, 22, 27, 34) . Maturational changes are known to affect gut barrier functions at different levels: the gut lumen, the mucous coat and glycocalyx, and tNe enterocellular level. The immunophysiologic significance of these changes is of interest with respect to the uptake of potential food antigens in vulnerable neonates.
Previous studies in different species have shown early postnatal changes in the capacity of MVM to bind immunoglobulins (1 a), calcium (23) , and lectins (5, 19) . These studies involved specific binding of ligands and involved receptors which were saturable and specifically inhibited. In contrast, data obtained here showed that binding of cow's milk proteins to MVM was nonspecific and weak. These food proteins did not exhibit any lectin-like characteristics as have, for instance, been shown for soy proteins (2) . Use of MVM allowed for the study of newborn as well as preweanling rats. Newborn preparations of MVM had a slightly yellow-greenish color as a sign of meconium contamination. The observation could possibly account for the decrease in binding observed in newborn animals compared to preweanlings. This effect underscores the possible inhibitive potential of substances overlying the MVM such as meconium or even mucus in decreasing protein binding to the membrane. Compared to adult animals, immature newborn and preweanling rats exhibited considerably more MVM surface binding of cow's milk proteins.
Specific small intestinal surface binding of substances such as enterotoxin (10) and cholera toxin (5), of pathogenic bacteria and their pili (4, 31) , and of viruses (37) probably has wide clinical implications. It remains to be established if similar implications arise from nonspecific food protein binding to the intestinal surface which was shown in this study. Surface binding of food proteins could be an initial step in setting forward an adverse reaction in susceptible individuals. Susceptibility certainly is increased during the early postnatal period, a time when MVM binding of cow's milk proteins was shown to be increased in rats.
Throughout this study, in both models tested, more P-LG was bound to the mucous coat as well as to the surface component than was BSA. This confirmed earlier data (29) . The difference was connected to differential protein breakdown which affected the intrinsic whey protein P-LG to a considerably greater degree than BSA. The difference in handling, even during the postnatal period, may have an impact on the role of single cow's milk proteins in causing tolerogenic or immunogenic effects in young individuals exposed to these proteins and to their fragments (8, 15, 29, 30) . As our measurements included radioactivity representing the original protein and at the same time its breakdown products, there was no direct information on the uptake of antigenically intact macromolecules (33) from our data. In the gut sac model, it could be shown, however, that enzymatic protein breakdown was decreased in early age. This was likely to affect the uptake of intact food proteins which would then be present in larger quantities. An increased uptake of intact P-LG has been shown in premature human infants (24) .
Earlier studies of macromolecular transport in everted gut sacs from neonatal rats (34) showed decreased uptake of horseradish peroxidase. We were able to confirm the decreased uptake in immature animals using cow's milk proteins. In contrast to the MVM preparation, the gut sac model has been used as a more complex model of intestinal antigen handling because it includes the mucous coat and cellular gut bamer components. The correlation between mucous coat protein binding and protein uptake which has been recently shown to exist in adult animals (29) was found to hold true for the immature animals. Mucous coat binding of BSA and P-LG was found to be nonspecific in terms of lacking saturation and inhibition, just as had been found for the MVM binding of the same proteins. Contrary to the data obtained with MVM, however, there was less binding of the proteins tested to the everted gut sacs prepared from immature rats, compared to adult controls.
A direct comparison between data obtained by the two models studied is not possible for obvious reasons. The isolated surface components of MVM are devoid of protecting elements of the mucosal bamer such as intestinal mucus (28, 35) and of lysosoma1 enzymes which are both represented in the gut sac model. There are different possible explanations for the observed differences between increased protein binding by immature MVM and decreased protein binding by immature gut sacs. The intestinal mucus layer is probably playing a role in reducing food protein binding and uptake in the gut sac model (9, 28, 35) . The role of protein breakdown by mucosa-associated enzymes which had been shown to be decreased in the immature rats could not be exactly defined in this study which did not allow differentiation between the binding and uptake of intact proteins from their breakdown products.
The reason for increased protein binding by immature MVM remains to be elucidated. Maturational changes in biochemical composition, membrane structure (22) , or charge might be relevant in that respect. Physiological models like the gut sac and MVM proved to be useful for the study of interactions between food proteins and the small intestine. Studies will have to be extended to pathological conditions, such as experimental models of intestinal mucosal damage and altered immune status, before these interactions which are subject to considerable change during early postnatal maturation are fully understood in health and disease.
